Abstract. In this paper, we present a numerical simulation of the properties of a photonic crystal fiber (PCF) made of borosilicate glass infiltrated by the water-ethanol mixture. We examine the influence of temperature and ethanol concentration for the refractive index, dispersion properties, effective mode area and confinement loss of the fundamental mode by a Lumerical simulation method. We also calculate the fundamental mode of the fiber infiltrated with a water-ethanol mixture with the concentration range of ethanol from 0% to 100% in the temperature range from 10˚C to boiling point of ethanol. The results show that all fibers infiltrated with water-ethanol mixture have flat dispersion characteristics in the infrared range above 1.32. The best flatness exists for pure ethanol. Furthermore, it is possible to shift the zero-dispersion wavelength and modify fundamental properties of PCFs by both temperature and concentration of ethanol. The results obtained are important because of that we not only use their reasonable parameters for the design and manufacture but also use them in nonlinear phenomena and nonlinear applications of fibers as supercontinuum generation.
I. INTRODUCTION
The invention of Lasers in the early 1960s opened a new age in the field of optics. The appearance of Lasers has been significant in both fundamental and technological science because of their special properties, such as high intensity, monochromaticity, and ideal coherence. They are excellent tools for observing many nonlinear optical effects which created a new domain of optics, namely nonlinear optics. Furthermore, the many applications of lasers have created whole new areas of specialization in our civilization. An outstanding example of this is the discovery of optical fibers which change diametrically the world of telecommunication, in particular, the internet. As in every other domain in physics, fast development always leads to some kind of "crisis", when the intrinsic limits of the considered subject are achieved. In telecommunication, very high transmitted density data demands an exponential increase in the bandwidth of transmitted light which cannot be guaranteed by classical step-index fibers.
During the same period, the development of nonlinear optics and optical fibers introduced nonlinear optical fibers [1] . That means creating a more new model of optical fibers using photonic crystal claddings i.e. the dielectric matter with a periodic structure of the refractive index. This new kind of fibers was later called photonic crystal fibers (PCFs). Due to their special optical properties (like the dispersion which plays an essential role in light propagation), it is possible for PCFs to be tailored to a high degree of freedom. Moreover, they can be adjusted to the needs of the experiment. The appearance of PCFs in the late 1990s [2] [3] [4] [5] [6] is considered as a revolution comparable with the invention of the laser before. PCFs overcome many limitations intrinsic to step index fibers and create an ideal platform for observing new optical phenomena, in particular, so-called supercontinuum generation (SG) which has reported for the first time in [7] . The high degree of freedom in dispersion engineering of PCF allows SG to be performed optimally in the wide range of available pump sources, so one can use very short input pulses as well as high power continuous wave sources. SG in PCF was immediately applied in many fields as optical coherence tomography, spectroscopy, optical frequency metrology, in producing many sensors of special types [8] [9] [10] [11] [12] . One of the most potential applications of photonic crystals is the possibility of creating compact integrated optical devices with photons as the carriers of information, then the speed and bandwidth of advanced communication systems can be increased dramatically [13] . Recently, PCFs promise to become the next generation of ultra-low loss transmission fiber, they have been also applied in power deliveries and nonlinear optics [14] [15] [16] .
In this work, we consider the properties of a regular lattice PCF made of borosilicate glass infiltrated by the water-ethanol mixture. The simple reason to choose water-ethanol mixture is that the water-ethanol mixture has a relatively high nonlinear refractive index in comparison to solids, which can make it easier to observe nonlinear phenomena. Additionally, it is nontoxic, ease of manipulation, and the most important, due to the fact that it presents a zero-dispersion wavelength in the range of facilitating supercontinuum generation, we take it as a subject of our consideration. Last but not least, the PCF is made of borosilicate glass that has a high nonlinear refractive index, and good rheological properties that allow for thermal processing of the glass without crystallization [17] . We focus our attempt to research the influence of temperature and concentration on the fundamental properties of PCFs such as guided modes, chromatic dispersion, confinement loss and effective mode area by a numerical simulation method. In the simulation, PCFs are designed which bases on labeled NL 33B2, was made of fused silica glass and successfully used in supercontinuum generation. We assume that the fiber infiltrated with the water-ethanol mixture. Obtained results also are very useful, for example in numerical simulation of supercontinuum generation in considered PCF models by solving the so-called Generalized Nonlinear Schrödinger Equation [18, 19] . According to with our knowledge, we consider for the first time a numerical simulation of linear properties of borosilicate glass PCF infiltrated by the water-ethanol mixture.
The scheme of our paper looks as follows. In Sec. II we describe the design process of PCFs. The simulation procedure will be presented in Sec. III. By this procedure, we consider the influence of temperatures and concentrations on dispersion properties in Sec. IV, on the modal area in Sec. V and on losses in Sec. VI. Section VII contains our conclusions.
II. DESIGN OF THE PCFs
PCFs are defined as a kind of two-dimensional photonic crystals, which consist of a central defect region surrounded by multiple air-holes that run along the fiber length. PCFs are divided into two basic categories. The first one is index-guiding PCF, guiding light by total internal reflection between a solid core and a cladding region with multiple air-holes like standard fibers [20] . The second one uses a perfectly periodic structure exhibiting a photonic band-gap (PBG) effect at the operating wavelength to guide light in a low index core-region, which is also called PBG fibers [21] . The design of PCFs is very flexible. All of their properties are related to the proposed design, which is characterized by the pitch (Λ) of the periodic array, the air-holes diameter (d) and the number of air-holes rings around the core (N) [22] . Additionally, the use of different materials opens up a new degree of freedom for the fiber design, including pure silica, air, liquids even gases etc. In particular, one of the methods to engineer the properties of the PCFs is infiltrating the holes with some liquids because of interesting reasons. For example, application of liquids with various refractive indexes allows for the modification of dispersion properties of the fiber without changing its geometrical parameters. It also can be further modified all curvature of fiber dispersion characteristics [23] [24] [25] [26] . Depending on the refractive index of the liquid, the guiding effect of the fiber can possibly be changed from guiding based on modified total internal reflection, to guiding based on the photonic band gap effect. This leads to the fact that the optical characteristics of the fiber can also be changed by varying the temperature and concentration of liquids since the ordinary and extraordinary refractive indices of liquid crystals highly depend on temperature and concentration of liquids [27, 28] .
In this study, we will design the fiber structures by the finite element method which is widely used for analyzing the optical waveguide. The cross-section of the designed PCF is shown in Fig. 1 . It consists of seven rings of air holes ordered in a hexagonal lattice, where the central hole is omitted. Besides that, one outer air hole is also omitted because of two reasons. The first, the PCFs are designed which bases on labeled NL 33B2. The omitting of one outer hole is caused by the mistake during fabrication process. In fact, we simulated this structure without omitting outer hole and obtained results are practically the same in both cases. This follows the fact that the influence of holes on parameter of PCF focuses on the first ring or second rings holes and it will decrease for the outer holes. The second, in near future, we will measure the SC generation for our designed model and will compare it with the related simulations. For this purpose, we need to keep its structure the same in simulation and experiment.
The core is solid and it made up of borosilicate glass. Dispersion properties are optimized by relative air-hole sizes in the first ring of the photonic cladding. The relative air hole size of the outer rings is decreased in order to increase the modal losses of the higher order modes. We verified this numerically, when the fiber guides only a few modes, while losses of higher order modes are significantly higher than the one for the fundamental mode. The fiber had a lattice constant of approximately Λ = 3.256 and a filling factor d/Λ = 0.457 on the first ring. For the remaining outer rings, the diameter of air holes varies between 1.35 and 1.488 then the filling factor varied in the range of 0.4146 -0.457 due to technological inaccuracies. The diameter of the core equals to 5.024. The geometrical parameters of the fiber are given in Table 1 . [29] . The NC21 glass refractive index is described using the following Sellmeier relation:
with coefficients: B 1 = 1.15702228, B 2 = 0.14959764, B 3 = 1.36007514, C 1 = 0.00614152 µm 2 , C 2 = 0.02521981 µm 2 , and C 3 = 122.8441325 µm 2 .
III. NUMMERICAL SIMULATION
In the simulations, by using Lumerical MODE Solutions software [30] we considered the influence of temperature and concentration of ethanol solution on the properties of the fundamental mode. The PCFs assumed that the air holes are filled with water-ethanol mixture. The refractive index of the water-ethanol mixture is a function of wavelength λ , temperature tand volume concentration of ethanol c. It is given by the following formula [31] :
where c is the concentration of ethanol; n ew , n e and n w denote refraction indices of the ethanolwater mixture, ethanol and water, respectively. In the case of water, we have used the Cauchy formula with temperature dependent coefficients [32] n w (λ ,t) = A (t) + B (t)
where λ is wavelength in nm; t is the temperature in˚C and A(t), B(t), C(t), D(t) are Cauchy coefficients which are functions of temperature according to the following equations [33] : 
In the case of ethanol, dependence of refractive index n e on the temperature t is taken from the formula [34] :
where T 0 is 20˚C, temperature coefficient of ethanol α e = 3.94 × 10 −4 /K, and Sellmeier coefficients of ethanol: B 1 = 0.83189, B 2 = −0.15582, C 1 = 0.0093 µm 2 , C 2 = −49.452 µm 2 . Finally, we obtain the following formula for refractive index of water-ethanol mixture: Fig. 2 showed the intensity distribution of the fundamental mode at a wavelength of 1.55 µm. Fig. 3 shows the examples of how the refractive index of the fiber filled with a water-ethanol mixture depends on the various wavelengths, temperatures, and volume fractions. The result shows that refractive index will increase with the increase of concentration and decrease when the temperature increases. 
IV. INFLUENCE OF TEMPERATURES AND CONCENTRATIONS ON THE DISPERSION PROPERTIES
We have calculated the dispersion of the fundamental mode as a function of the wavelength in the range of 0.5-2 for both the case of dry fibers and fibers filled by the water-ethanol mixture. In the simulation, the temperature of water-ethanol mixture changes in the range from 10˚C to 70˚C (boiling point) and the ethanol concentration changes between 0% and 100%. The sample dispersion characteristics are plotted in Fig. 4 . The results showed that all fibers infiltrated with various water-ethanol mixture have flatted dispersion characteristics in the near-infrared range from 1.32 to 1.95 (the change is smaller than 10 ps/nm/km). The dispersion characteristics exist in both normal and anomalous dispersion regime. It is widely known that flat and near-zero dispersion plays a very important role in an efficiency of supercontinuum generation [35] . The zero dispersion wavelength (ZDW) for the dry fiber PCF is equal to 1.085. But when the holes are filled with water-ethanol mixture, the ZDW is shifted toward longer wavelengths, with a decreasing slope for the dispersion characteristic. It proved that the dispersion of properties PCF is better when air holes are filled with water-ethanol mixture.
The ZDW is also shifted towards longer wavelength the decreasing temperature and the increasing concentration of ethanol. In the case of ethanol concentration, this shift is in the range 0.007 -0.0235, which is smallest at 0% ethanol and biggest at 100% ethanol when temperature changes from 10˚C to 70˚C. It can be seen from formula (9) which demonstrates the dependence of refractive index on temperature and concentration of ethanol in water that the refractive index will increase with the increase of concentration and decrease when the temperature increases. Besides that, one can explain this fact in a simple way such as increasing ethanol concentration leads to increase the density of molecules, consequently, increasing the interaction and collision between light and molecules. In other words, this leads to the fact that speed of light propagation decreases, while the density of molecules in a liquid usually decreases corresponding to the increase of temperature; it is not surprising that the speed of light in a liquid will normally increase when the temperature increases. Thus, the index of refraction normally decreases when the temperature of a liquid increases. This has been proven in many theoretical and experimental works. The shifts of the ZDW with the temperature and ethanol concentration are summarized in Table 2 and which has been presented in Fig. 5 . 
where: a 00 = 1.166, a 10 = -1.043e −4 , a 01 = 2.785e −4 , a 20 = 8.977e −08 , a 11 = -2.719e −06 , a 02 = 3.451e −07 . The shift plays an important role in supercontinuum generation (SG) because we generate supercontinuum basing on a match between the ZDW and fiber lasers which is controlled by the shifts. In particular, when the pump wavelength is near the ZDW on the anomalous dispersion side, the SG process becomes the most effective [36] [37] [38] .
V. INFLUENCE OF TEMPERATURES AND CONCENTRATIONS ON MODEL AREA
The modal area is a quantity of a great importance because it was originally introduced as a measure of nonlinearities in the optical fiber. Therefore the modal area is a factor that determines the effective nonlinear medium for SG. In a simulation, we have calculated the modal area of the fundamental mode as a function of the wavelength in the range of 0.6 -1.6. The modal area characteristics are plotted in Fig. 6 and Fig. 7 . The results show that modal area depends on the temperature and concentration of liquids. When the temperature increases, mode area decreases. But this decreasing also depends on wavelength. The smallest decrease is observed at 0.6 (from 14.3919 to 14.251, this is 0.98 %) and the biggest at 1.6 (from 23. 166 to 21.646, this is 6.56 %). It means that as the wavelength increases, its decrease also increases. For the case of ethanol concentration, when the concentration of ethanol increases, the mode area also increases. In addition, it is clear that the increase in the mode area of each case is relatively small, which is beneficial for nonlinear applications. 
VI. INFLUENCE OF TEMPERATURES AND CONCENTRATIONS ON CONFINEMENT LOSS
We have calculated the attenuation of the fibers as a function of wavelength for fiber filled with water-ethanol mixture at various temperatures and concentrations of ethanol. In fact, the core is all solid and we only consider the fundamental mode. The results are plotted in Figures 8 and 9 . The results show that the losses maintain an overall tendency to increase with increasing wavelength. Besides that, the losses also depend on the temperatures and concentrations of ethanol. The lowest losses are observed for fiber infiltrated with water and highest losses are observed for ethanol. It means that the losses increase with increasing concentration of ethanol. This is totally consistent in practice because infiltration of loss liquids can introduce significant loss in transmission. In the case of the change of temperature, the results show that with increasing temperature the loss decreases. This is understandable because the temperature will change the population of different states of the molecule, particularly the rotational states which will affect the intensity of the absorption lines.
VII. CONCLUSION
In this paper, we presented a numerical study of the properties of nonlinear photonic crystal fibers filled by water-ethanol mixtures. We analyzed PCFs which made of borosilicate glass consisting seven rings of air holes ordered in a hexagonal lattice with a diameter of the core equals to 5.024. The results showed that we are able to control the shape and the ZDW of the dispersion characteristic of the water-ethanol mixtures filled PCF by changing the temperatures or ethanol concentrations. Greater changes of the ZDW can be obtained for higher concentrations of ethanol and for lower temperatures. The reason is that the refractive index of water-ethanol mixtures depends on temperature and concentration of ethanol. Consequently, the changes in temperature and concentration of ethanol also change properties of the fiber. The cause of this change is that when the temperature and concentration change, the density of water-ethanol mixture changes. Additionally, at the different temperatures, the refractive index of the water-ethanol mixtures also changes much more than those of the glasses. These results are pretty important because of that we not only use their reasonable parameters for the design and manufacture but also use them in nonlinear phenomena and nonlinear applications of fibers. In particular, we will use them in numerical simulation for supercontinuum generation in some considered models of PCFs by solving the so-called Generalized Nonlinear Schrödinger Equation. This will be the subject of our future publication.
